The trans-dihydrodiols produced during the metabolism of phenanthrene by CunninghameUa elegans, Syncephalastrum racemosum, and Phanerochaete chrysosporium were purified by high-performance liquid chromatography (HPLC). The enantiomeric compositions and optical purities of the trans-dihydrodiols were determined to compare interspecific differences in the regio-and stereoselectivity of the fungal enzymes.
enantiomer, but that produced by S. racemosum was a 68:32 mixture of the 3R,4R and 3S,4S enantiomers. The phenanthrene trans-9,10-dihydrodiol produced by P. chrysosporium was predominantly the 9S,10S enantiomer, but those produced by C. elegans and S. racemosum were predominantly the 9R,1OR enantiomer. The results indicate that although different fungi may exhibit similar regioselectivity, there still may be differences in stereoselectivity that depend on the species and the cultural conditions.
Phenanthrene and other polycyclic aromatic hydrocarbons (PAHs) with three or more fused benzene rings are widespread environmental pollutants (10, 24, 25) . Although PAHs are frequently bioaccumulated by animals (12) , they are generally recalcitrant to degradation by microorganisms (17) . Many higher-molecular-weight PAHs can be activated biologically to mutagenic and carcinogenic metabolites (15, 19, 23) . In the initial steps of activation in eukaryotic cells, PAHs are oxidized by cytochrome P-450 monooxygenases to arene oxides, which are then hydrated by epoxide hydrolase to trans-dihydrodiols (10, 15, 18) . Both enzymes may act in a stereoselective manner and yield optically active arene oxides and trans-dihydrodiols (11, 15, 18) . Fungi usually meta'oolize PAHs in ways similar to those of mammals, but there are numerous differences in the regio-and stereospecificities of fungal and mammalian enzymes (10, 25) .
Although PAHs do not generally serve as carbon or energy sources for fungi, many fungi cometabolize one or more PAHs to trans-dihydrodiols. The fungi that transform phenanthrene produce phenanthrene trans-1,2-, 3,4-, and 9,10-dihydrodiols (7, 11, 27) , with both R,R and S,S enantiomers of each (Fig. 1) . The dihydrodiols may be metabolized further to phenols or conjugates (6, 7, 27) . Cunninghamella elegans has been reported to produce mainly the trans-1,2-dihydrodiol with small amounts of the trans-3,4-and trans-9,10-dihydrodiols; the relative amounts produced vary with the strain and cultural conditions (6, 7, 11) . Syncephalastrum racemosum produces the trans-3,4-dihydrodiol (14.0%) and the trans-9,10-dihydrodiol (4.6%) (6) . Phanerochaete chrysosporium, which has been investigated extensively for possible use in the bioremediation of PAHs (4, 5, 13, 21) , * Corresponding author.
produces the trans-9,10-dihydrodiol (60.8%) and the trans-3,4-dihydrodiol (11.1%) when grown in high-nitrogen media (27) . However, the same fungus produces phenanthrene 9,10-quinone and 2,2'-diphenic acid when grown in lownitrogen media (16) .
In the present study, we have used circular dichroism (CD) spectroscopy and chiral stationary-phase high-performance liquid chromatography (HPLC) to compare the stereoselectivity of three species of fungi that metabolize phenanthrene to trans-dihydrodiols.
MATERIALS AND METHODS C. elegans ATCC 36112 and S. racemosum UT-70 were grown in Sabouraud's dextrose broth containing 50 to 100 mg of phenanthrene per liter (6, 11). The S. racemosum culture was obtained from Paul Szaniszlo, University of Texas, Austin. P. chrysosporium ME-446 (ATCC 34541) was grown in a malt extract-glucose medium containing 14 mg of phenanthrene per liter (27) . The metabolites were extracted with ethyl acetate, dried over anhydrous sodium sulfate, and concentrated to dryness under reduced pressure (11 Pathways for the metabolism of phenanthrene to trans-dihydrodiols by fungi. The trans-1,2-dihydrodiol has been reported to be produced by C. elegans; the trans-3,4-dihydrodiol is produced by C elegans, S. racenosum, and P. chrysosporium; and the trans-9,10-dihydrodiol is produced by C. elegans, S. racemosum, and P. chrysosponum. diode array detector or measured in methanol with a model DU-65 spectrophotometer (Beckman Instruments, Irvine, Calif.).
CD spectra of the phenanthrene trans-dihydrodiols were obtained in methanol with a Jasco model 500A spectropolarimeter (26) and were expressed as ellipticity (Iv) in millidegrees as described previously (14) . Absolute configurations and optical purities were determined by comparing the molar ellipticities of the CD spectra (14) with those of phenanthrene trans-dihydrodiols of known absolute configuration (2, 11, 20) .
Chiral stationary-phase HPLC was performed with a Pirkle I-A column (4.5 mm by 25 cm inside diameter; Regis Chemical Co., Morton Grove, Ill.) packed with (R)-N-(3,5-dinitrobenzoyl)phenylglycine ionically bonded to spherical particles (5-,um diameter) of y-aminopropylsilanized silica (29) . The phenanthrene trans-dihydrodiol enantiomers were eluted isocratically with hexane-ethanol-acetonitrile in various proportions at a flow rate of 2 ml/min and were characterized by their UV absorption and CD spectra. Ratios of enantiomers were calculated from the peak areas determined by a Hewlett-Packard model 3390A integrator.
RESULTS
All of the phenanthrene trans-1,2-, 3,4-, and 9,10-dihydrodiols obtained from incubation of phenanthrene with several batch cultures of C elegans, which had been grown with different initial cell concentrations and incubation times; with S. racemosum; and with P. chrysosporium were purified by reverse-phase HPLC. The retention times of the trans-dihydrodiols were the same as those reported previously (11, 27) .
Since chiral stationary-phase HPLC had been utilized previously for the direct resolution of PAH trans-dihydrodiol enantiomers, this technique was employed to determine the optical (enantiomeric) purities of these dihydrodiol metabolites. However, the two enantiomers of phenanthrene trans-1,2-dihydrodiol were only partially resolved by the chiral stationary-phase column when they were eluted with hexane-ethanol-acetonitrile (94:4:2 [vol/vol/vol]). The retention times of the 15,2S and 1R,2R enantiomers were 32.0 and 32.4 min, respectively (Fig. 2) . Alternatively, the optical purities of phenanthrene trans-1,2-dihydrodiols from different batch cultures of C. elegans were determined by com- paring the molar ellipticities of the CD spectra with that of a trans-1,2-dihydrodiol of known optical purity. The phenanthrene trans-1,2-dihydrodiol obtained by incubating phenanthrene with liver microsomes of rats pretreated with 3-methylcholanthrene has an optical purity of 93% and an R,RIS,S enantiomeric ratio of 96.5:3.5 (23) . The trans-1,2-dihydrodiol preparations from different cultures of C. elegans had CD spectra with markedly different molar ellipticities at 313 nm, varying from -0.3 to +3.7 millidegrees (data not shown). This variability indicated that both enantiomers of the trans-1,2-dihydrodiol were produced but that the proportions varied. On the basis of comparisons of the CD spectra, the trans-1,2-dihydrodiols from different cultures of C. elegans had ratios of the 1S,2S enantiomer to the 1R,2R enantiomer that varied from 35:65 to 77:23 ( Table 1) .
The CD spectrum of the phenanthrene trans-3,4-dihydrodiol of P. chrysosponium (Fig. 3) showed negative Cotton effects at both 255 and 304 nm. Comparison of this CD spectrum with that of a phenanthrene trans-3,4-dihydrodiol of known absolute configuration and optical purity (23) indicated that the trans-3,4-dihydrodiol from P. chrysos- at 37.2 min (Fig. 4A ). This result indicated two possibilities: (i) the trans-3,4-dihydrodiol metabolite was mainly the 3R,4R enantiomer; or (ii) the chiral stationary-phase column did not separate the 3R,4R and 3S,4S enantiomers. However, the phenanthrene trans-3,4-dihydrodiol obtained from cultures of S. racemosum (6) was resolved directly by HPLC under similar conditions into two chromatographic peaks with retention times of 36.2 and 37.2 min, respectively (Fig.  4B) . The identification of both peaks as the trans-3,4-dihydrodiol was based on UV-visible light absorption spectra obtained with the photodiode array spectrophotometer (data not shown). Thus, these results indicate that over 99% of the trans-3,4-dihydrodiol from P. chrysosponum and 68% of that from S. racemosum was the 3R,4R enantiomer ( Table   1 ).
The CD spectrum of the phenanthrene trans-9,10-dihydrodiol of P. chrysosporium (Fig. 5) had a negative Cotton effect at 228 nm and a positive Cotton effect at 265 nm. Comparison with previously published CD spectra of this dihydrodiol with known optical purity (2) indicated that this trans-9,10-dihydrodiol was predominantly the 95,105 enantiomer. In contrast, the CD spectrum of the trans-9,10-dihydrodiol of C. elegans (data not shown) had a positive WAVELENGTH (nm) FIG. 5 . CD spectrum of the phenanthrene trans-9,10-dihydrodiol produced by P. chrysosporium. (11) , showed that the trans-9,10-dihydrodiol of C. elegans was predominantly the 9R,1OR enantiomer (2, 20 (1) . There are two possible enantiomers, which may have different mutagenic and carcinogenic properties (9, 19, 23) , for each PAH trans-dihydrodiol. The absolute configurations of some of the transdihydrodiols produced by fungi have been determined by CD spectroscopy (8, 11) . The R,R and S,S enantiomers of several of these trans-dihydrodiols, or of their tetrahydrodiol derivatives, have been directly resolved by HPLC with chiral stationary-phase columns (19, 28, 30) .
The enantiomeric composition of the phenanthrene trans-1,2-dihydrodiol produced by Cunninghamella elegans was variable; either the 1R,2R or the 1S,2S enantiomer could predominate in different batch cultures. For this reason, CD spectra obtained for the trans-1,2-dihydrodiol did not always correspond to the one reported previously (11) . In contrast, the phenanthrene trans-1,2-dihydrodiol produced by liver microsomes from rats treated with 3-methylcholanthrene consists mainly of the 1R,2R enantiomer with an optical purity of 93% (23) .
Although phenanthrene trans-3,4-dihydrodiol is only a minor metabolite in mammals (23) , the absolute configuration of the synthetic compound has been determined (3). The trans-3,4-dihydrodiol produced by P. chrysosporium was found to be the 3R,4R enantiomer, the same as that produced by liver microsomes from rats treated with 3-methylcholanthrene (23) . The trans-3,4-dihydrodiol of S. racemosum, however, contained both enantiomers. The trans-3,4-dihydrodiol previously reported as a metabolite of C. elegans (6, 11) was not found during the current experiments.
The phenanthrene trans-9,10-dihydrodiol produced by P.
chrysosponum was the 95,10S enantiomer, which is the principal enantiomer produced by rabbits and rats (20, 23) , cyanobacteria (22) , and streptomycetes (26) . The trans-9,10-dihydrodiol produced by C. elegans (7) has now been shown to be mainly the 9R,1OR enantiomer. The CD spectrum in Fig. 6 of the previous paper (11) was incorrectly labeled as a trans-3,4-dihydrodiol but actually represents the trans-9R,10R-dihydrodiol of C. elegans (7). The ionically bonded Pirkle (R)-N-(3,5-dinitrobenzoyl)phenylglycine column has not always been useful for separation of the enantiomers of K-region trans-dihydrodiols (30) . In our study, we also found this to be true for a K-region metabolite, phenanthrene trans-9,10-dihydrodiol. 
